We tested the combined effect of the fungus Beauveria bassiana and the microsporidium Nosema pyrausta on the European corn borer larvae, Ostrinia nubilalis, in the laboratory. The first instar of O. nubilalis larvae was the most sensitive to the B. bassiana infection followed by the fifth, second, third, and fourth instar (LC 50 s were 4.91, 6.67, 7.13, 9.15, and 6.51 x 10 5 conidia/ml for the first to fifth instars, respectively). Mortality of each instar increases positively with concentration of conidia. When B. bassiana and N. pyrausta were used in combination, mortality increased significantly in all instars. Relative to the B. bassiana treatment alone, the B. bassiana + N. pyrausta treatment decreased the LC 50 s by 42.16%, 37.63%, 21.60%, 27.11%, and 33.95% for the first to fifth instars, respectively. The combined effects of the two pathogens were mostly additive. However, at the two highest concentrations the pathogens interacted synergistically in the first and second instar. Individuals that survived the B. bassiana and B. bassiana + N. pyrausta treatments and developed into adults had significantly shorter lifespans and females oviposited fewer eggs than non-exposed insects. The effects on the longevity and the egg production were most pronounced at high concentration of B. bassiana conidia. © Versita Sp. z o.o.
Introduction
The European corn borer (ECB), Ostrinia nubilalis Hübner, 1796 (Lepidoptera, Crambidae) is a major pest of maize in Europe, North America, north-west Africa, and western Asia [1] . In addition to infesting maize, the moth is known to attack more than 200 other species of plants [2] . Females deposit egg masses of up to 50 eggs each, typically on leaf undersides. Larvae emerge within a week, depending on temperature, and commence feeding on leaves, later boring into the stalk or ear. The larvae are responsible for serious yield losses of maize [e.g. [3] [4] [5] . Several management strategies have been developed to control the pest, including biocontrol strategies with application of microbial insecticides.
Several microorganisms influence population development of this maize pest and are considered for use in its control [e.g. 3, [6] [7] [8] [9] . Generally, control agents fall into two categories: i) fast-acting pathogens that cause acute diseases of their hosts, suitable for use as microbial insecticides in inundative biocontrol strategies, and ii) low virulence agents that produce chronic debilitating infections, better suited for classical biocontrol. Although acute and chronic agents are often applied independently, the combination of slow-acting and acute pathogens with different modes of action may be a more effective control strategy.
Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina, Hyphomycetes) is the most common fungal parasite of ECB larvae. This ubiquitous entomopathogenic fungus attacks various hostarthropods by causing acute mycoses. It can spread fast among hosts horizontally via aerially produced conidia and infects its host by penetration of the cuticle by its germ hyphae. After crossing the insect integument, the fungus grows within the internal fluids, sponging degraded proteins and fat bodies, and produces toxins which kill the host. After a host death, the mycelium grows throughout the cadaver and protrudes outside completing the life cycle by rich conidial sporulation [10] . Many strains of B. bassiana have been isolated and tested against different pests in various cropping systems [e.g. [11] [12] [13] [14] . Recently, selected strains have been successfully licensed for commercial use against whiteflies, aphids, thrips, and numerous other insect pests [15] . This fungus, which is regularly observed in natural populations of ECB [e.g. 7, 9, 12, 16, 17] , can be effective against larvae when applied to plant foliage [e.g. 16, 18, 19] .
Microsporidia are known to cause chronic infections in natural populations of many insect species [e.g. 9, [20] [21] [22] [23] . Nosema pyrausta Paillot (Microsporida, Nosematidae) is a common and widespread obligate intracellular parasite of ECB and plays an important role in suppressing its population levels [e.g. 8, 21, 24] . ECB is the only lepidopteran reported to be naturally infected with N. pyrausta [24] . The pathogen spreads horizontally in host populations through ingestion of spores and vertically via transovarial mechanism [25] . All life stages of ECB can be affected [21] and N. pyrausta can regulate ECB populations well below the environmental carrying capacity [26] . However, the timing of infection is important in determining what effect the microsporidium has on its host [27] . Early instars of ECB larvae infected with N. pyrausta form abnormal pupae or adults and infections in later instars result in reduced adult longevity and fecundity [8, 22, 24, 25, 28, 29] . Furthermore, N. pyrausta can increase ECB larval mortality under stresses such as weather extremes, diapauses, or crowding [6, 22, 24] .
The objective of this study was to evaluate the combined effects of B. bassiana and N. pyrausta on ECB larvae mortality in the laboratory. Interactions between B. bassiana and N. pyrausta infections have not yet been evaluated in terms of pest control efficacy; understanding specific O. nubilalis -N. pyrausta -B. bassiana interactions might allow improvements in pest control and management strategies.
Experimental Procedures
A continuous laboratory population of ECB was established from a single egg mass produced by a female collected in a maize crop in Nitra-Malanta, Slovakia (48°19´25´´N, 18°09´07´´E). Following oviposition, the female's abdomen was homogenised and microscopically examined for a presence of microsporidian spores. When no spores were found, the female was considered uninfected and the egg mass was used to establish a laboratory population. Larvae hatched from the eggs were reared in 250 ml glass container (60 mm diameter) containing 125 ml of standard semi-artificial diet [30] in a growth chamber at 25±2°C, 80% relative humidity (RH), and 16/8 (L/D) photoperiod. After eclosion, adults were released into cages (200 x 300 x 600 mm) and allowed to oviposit on paper strips (150 x 100 mm). Adults were fed on 2% (w/v) sucrose water supplied in small plastic trays lined with cotton. Egg masses deposited on the paper strips were collected daily and placed in the glass containers with a fresh diet to establish a continuous population. In order to check for possible microsporidian contamination in the laboratory population, Malpighian tubules of 10 fifth-instar larvae of the first laboratory generation were microscopically examined for the presence of microsporidian spores. The same examination of 10 randomly chosen fifth-instar larvae was carried out in each new laboratory generation, until the larvae were used in the experiments (5 generations). During the laboratory rearing, no microsporidian infection was detected in the population.
For the experiments in the current study, one isolate of B. bassiana (isolate SK99) was chosen from a collection of fungal isolates deposited at Department of Plant Protection, Slovak University of Agriculture [17] . It was originally isolated from a naturally infected ECB larva collected in Nitra-Malanta. Selection of the isolate for this study was based on its total sporulation on agar plates and its virulence to ECB larvae [17] . The fungal isolate was cultivated on Sabouraud-dextrose agar (SDA) in Petri dishes and incubated at 25±2°C with a 16/8 (L/D) photoperiod. Conidia harvested from 15-day-old cultures were suspended in 100 ml of aqueous solution of 0.01% Tween 80 (v/v) (SigmaAldrich, India). The conidial suspension was filtered through several layers of cheesecloth to remove mycelial mats and conidial concentration was adjusted to 1 x 10 7 conidia/ml. Conidia were quantified by direct counting with an optical microscope using an improved Neubauer chamber. To evaluate the viability of conidia in this suspension, 5 drops (2 µl each) were put on a thin layer of SDA in a Petri dish and incubated at 25±2°C. A total of one hundred conidia were evaluated for viability 12 h post-inoculation. The conidia were counted and categorized into two groups: viable conidia, identified by production of germ tubes, and nongerminating conidia. Only fungal cultures of the isolate in which more than 90% of the conidia germinated were used in the experiments. N. pyrausta spores used in these experiments were isolated from Malpighian tubules of ECB larvae collected near Dechtice, Slovakia (48°33´09´´N, 17°35´14´´E). The microsporidian infection was determined by dissecting the larvae and examining their Malpighian tubules in wet mount preparations. Fresh spores of N. pyrausta were obtained as follows: Malpighian tubules dissected from 25 infected fifth-instar larvae were homogenised in a glass tissue grinder, the homogenate was diluted in 25 ml of distilled water, and centrifuged at 2000 rpm for 15 min. The supernatant was discarded and the pellet, containing the spores, was resuspended in 25 ml of distilled water. The centrifugation was repeated three times. After counting the spore concentration of final suspension using a Neubauer chamber and adjusting the concentration to 1 x 10 6 spores/ml, the suspension was stored at 4°C until use in the experiments.
To determine virulence of B. bassiana isolate (SK99) to ECB larvae, newly moulted larvae of all five instars were treated with five concentrations of conidia. To establish a dose-mortality relationship, the following concentrations of B. bassiana conidia were used: 0.1, 0.5, 1.0, 2.0 and 4.0 x 10 6 conidia/ml. The narrow range of concentrations was chosen based on results of a previous study [17] . Fifty larvae of each instar (10 larvae in 5 repetitions) were used for each conidial concentration. The larvae of each repetition were dipped individually into prepared suspensions of conidia for 10 seconds and placed together in rearing containers. An additional group of 50 larvae of each instar was used as a control. The control larvae were treated with 0.01% aqueous solution of Tween 80 (v/v). All treated larvae were air-dried for 5 min. and supplied with a fresh diet that contained no anti-fungal preservatives. After 48 h, they were transferred to new glass containers with the standard artificial died. The treated larvae were maintained at 25±2°C with a 16/8 (L/D) photoperiod. Larvae were observed daily and a larval mortality was evaluated 7 days post-treatment. Dead larvae were removed from the rearing glass containers and kept individually in small Petri dishes with a moist filter paper until mycelia appeared. Each cadaver was examined microscopically to confirm B. bassiana infection. Data from this bioassay (a number of larvae treated with suspension, a number of fungus-killed larvae after the treatment, and a concentration of conidia in suspensions) were used to estimate LC 50 values.
The effect of N. pyrausta on ECB larvae was also tested for all five instars. ECB larvae were inoculated by contaminating a diet with the microsporidian spore suspension (1 x 10 6 spores/ml). Small volumes of diet (5 mm 3 for third-fifth instar and 2 mm 3 for first and second instar larvae) were pipetted into each well of 24-well microplates, and 0.5 µl of spore suspension (500 spores) was applied to the surface of each diet piece. ECB larvae were placed individually into each microplate well. Newly moulted larvae of second -fifth instar were starved for 24 h prior to the treatment and they readily consumed the contaminated diet. Only larvae that consumed the entire diet within 48 h were used in the experiments. Fifty larvae of each instar (10 larvae in 5 repetitions) were used in the bioassay and additional 50 larvae of each instar were used in a control variant. After 48 h at 25±2°C, the larvae were removed from the treated diet and transferred individually onto uncontaminated fresh diet in microplate wells. Mortality of the treated larvae was checked daily during 7 days and dead larvae were examined for microsporidian infection as mentioned above. The diet in the control variant was treated with 0.5 µl of distilled water.
To study a combined effect of N. pyrausta with B. bassiana, the larvae were first treated with five different suspensions of B. bassiana conidia as mentioned above and then were left to feed on a N. pyrausta-contaminated diet for 48 h. The same concentrations of B. bassiana conidia and N. pyrausta spores were used and treatments were carried out in the same manner as above. Fifty larvae of each instar (10 larvae in 5 repetitions) were used in the experiment. In the control, 50 individuals of each instar were treated only with distilled water and fed on uncontaminated diet. Mortality of the larvae was checked daily during 7 days and all dead individuals were examined for B. bassiana and N. pyrausta infection as described above.
Probit analysis [31] was used to evaluate the mortality induced by differing doses of spores on each of the five instars. Before LC 50 parameters were estimated, the mortality data from the experiments were corrected for mortality observed in control variants according to Abbott's formula [32] . Tukey's multiple range test was used to detect differences among instars.
Analyses for interactions between B. bassiana and N. pyrausta were based on a binominal test, which involved comparing the expected and observed mortalities [29, 33] . The expected mortality at a range of concentrations of B. bassiana and N. pyrausta was based on the formula: P E = P 0 + (1 -P 0 )(P 1 ) + (1 -P 0 )(1 -P 1 )(P 2 ) in which P E is the mortality expected from the combination of the two pathogens, P 0 is the control mortality, P 1 is the mortality from B. bassiana alone and P 2 is the mortality from N. pyrausta alone.
The chi-square values were based on the formula:
Larvae of all five instars that survived combined treatments with B. bassiana and N. pyrausta (carried out in the same manner as above) were used to study longevity of adults and egg deposition by females. A positive control (larvae treated with 0.01% aqueous solution of Tween 80 (v/v) and fed on the N. pyraustacontaminated diet) and a negative control (larvae only treated with 0.01% Tween 80) were used in this experiment. Seven days after the treatments, all survivors were confined separately in Petri dishes and supplied with fresh uncontaminated diet. After pupating, pupae were transferred individually into 250 ml glass containers and maintained at 25±2°C, 80% RH, with a 16/8 (L/D) photoperiod. Fifty emerged adults (25 males and 25 females) were randomly selected of each treatment and provided with 2% (w/v) sucrose-water. They were observed daily to determine their longevity (a number of days from eclosion till death) and fecundity of females (an average number of eggs deposited by a single female). Male survivors were left alone in the glass containers, but each female survivor was paired immediately with a non-treated male from the laboratory population. The females were paired with males of the same age to ensure successful mating and the couples were checked at 4-hour intervals to observe copulation. After 24 h, the males were removed and the females that had copulated were provided with a strip of paper as an oviposition site. Only females that copulated were included in a fecundity evaluation. All dead males and females in this experiment were examined for mycelium of B. bassiana and spores of N. pyrausta.
Results and Discussion
Results of B. bassiana and combined B. bassiana + N. pyrausta effects on different instars of ECB larvae are shown in Table 1 . The estimated LC 50 values ranged from 4.91 to 9.15 x 10 5 conidia/ml for the B. bassiana treatment and from 2.84 to 5.59 x 10 5 conidia/ml for the B. bassiana + N. pyrausta treatment. Multiple range test indicates that the first larval instar was the most sensitive and the fourth instar was the most tolerant to the B. bassiana treatment (P<0.05). Susceptibility of larvae to B. bassiana decreased in a following order: first > fifth > second > third > fourth instar. These results are comparable with past studies by Feng et al. [11] and Abdel Hakim [34] that also found the first instar of ECB larvae the most susceptible and the fourth instar the least susceptible to B. bassiana. The lower LC 50 for the fifth instar compared to the fourth is surprising and Feng et al. [11] hypothesized that the cause of the increased susceptibility of the fifth instar might be due to a longer length of the fifth instar with lower probability of escaping the fungal infection by casting exoskeleton for the second, to fifth instars, respectively. Based on the laboratory bioassay, a combined application of N. pyrausta and the entomopathogenic fungus B. bassiana could offer advantages for the control of ECB. In our experiments, the joint activity of B. bassiana and N. pyrausta within the host's body increased larval mortality. B. bassiana was the more effective pathogen and gave good control even when N. pyrausta was not present. However, larvae treated with N. pyrausta succumbed more readily to B. bassiana than nontreated larvae. In addition, in terms of larval mortality, there was no evidence of any antagonistic interactions between the two pathogens (Table 2) . Instead, combined treatments with higher concentrations of B. bassiana conidia produced synergistic effects for the first and second instar, in which between 86-100% of the larvae were killed. The remaining combinations of conidial concentrations and development stages produced additive effects. The synergistic combinations of B. bassiana and N. pyrausta produced a 9-21% increase in larval mortality over that expected from an additive effect.
Several studies have described interactions between different pathogens within the same host. Generally, insect infections by more than one pathogen usually lead to an increase in the numbers of hosts killed, particularly when the infections are separated by a time interval of several days [37] . Combined treatments of N. pyrausta and other pathogens have already been tested mainly in order to enhance N. pyrausta efficacy. Lewis et al. [20] mentioned that there were significant inte ractions between Bacillus thuringiensis Berliner and ECB larvae infected with N. pyrausta. Similarly, it was easier to kill larvae of ECB with B. thuringiensis when the larvae were already infected with N. pyrausta [38] . ECB larvae fed on diet incorporated with Cry1Ab toxin (the toxin produced by B. thuringiensis) were significantly more sensitive to the toxin if they were simultaneously infected with N. pyrausta [38, 39] . Bauer et al. [23] reported that time to death of Lymantria dispar (Linnaeus, 1758) decreased 
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4.8 ± 0.8 (25) 246 ± 25 (23) Table 3 . The effects were manifested by a reduction in the longevity of adults and the number of eggs laid by females. These effects were more obvious at higher concentration of B. bassiana conidia. In the case of the B. bassiana treatment, the reduction in adult longevity among concentrations ranged between 2 and 3 days and the number of laid eggs decreased by 36-47%. The combined effects of B. bassiana and N. pyrausta showed even greater reduction in a number of eggs laid. Concerning the effects of B. bassiana treatment, the age of the treated larvae had no significant effects on either the longevity or egg production of the emerged adults (P>0.05) and at lower concentrations, there were no significant differences between the treated and control larvae comparing any inoculated instar (P>0.05). On the other hand, the age of larvae had obvious effect on longevity or egg production of survivors in the B. bassiana + N. pyrausta treatment. Earlier larval instars (the first, the second, and even the third one (at the highest B. bassiana conidia concentration)) did not develop into the adult stage in the combined and the N. pyrausta treatments. In the combined treatments with the highest concentration of B. bassiana conidia the emerged adults (treated in the third, fourth and fifth instar) were malformed and females laid no eggs. The egg production of emerged adults was affected significantly in both treatments (P<0.05). The number of laid eggs after B. bassiana treatment decreased up to 58% when compared to the negative control (non-treated larvae) and after combined B. bassiana + N. pyrausta treatment the egg production decreased up to 67% comparing to the positive control (treated with N. pyrausta). The combined treatment B. bassiana + N. pyrausta decreased the egg production up to 89% in comparison with the negative control. Microscopic examination of adults from this treatment did not reveal B. bassiana particles in host's hemolymph, but those animals in the N. pyrausta or B. bassiana + N. pyrausta treatments were positive for N. pyrausta spores.
Sublethal effects of B. bassiana, manifested by reduction of longevity and reproductive performance, have already been studied on ECB [34] and Phthorimaea operculella (Zeller, 1873) [41] survivors. Abdel Hakim [34] reported a significant reduction by 1-3 days in adult longevity of ECB treated in the second instar with Beauveria sp. or Verticillum sp. He also reported 10-47% decrease in egg production. Similar reductions in numbers of laid eggs were also demonstrated in other host-entomopathogen systems, e.g. Chilo suppressalis (Walker, 1863) -B. bassiana [42] , Leptinotarsa decemlineata (Say, 1824) -B. bassiana [43] and Diabrotica virgifera virgifera (LeConte, 1868) -B. bassiana [44] . Entomopathogenic fungi affect the host insect through a combination of events including mechanical damage by hyphal growth, nutrient depletion, and production of toxins. Any of these processes at a sublethal level can negatively affect the reproductive system of the host [10] . Sikura et al. [45] reported histological and cytological injuries in ovaries of adults surviving B. bassiana infection as larvae. In our study, some larvae survived the application of B. bassiana conidia and showed no sign of fungal infection as adults, yet these previously-infected individuals had lower longevity and reduced egg production compared to controls. This suggests they were probably attacked by the fungus but they eliminated it from their bodies.
Under natural conditions insect infections involving more than one pathogen are common. Therefore, a need to understand how the pathogens interact with each other is important. In mixed infections, it is possible that the efficacy of one or both pathogens may be improved, suppressed or enhanced. Our results demonstrate that combination of B. bassiana with N. pyrausta increased mortality of ECB larvae and there was no evidence of any antagonistic interactions between the two pathogens in terms of larval mortality. Applying both B. bassiana and N. pyrausta offers a method of ECB control that could be more effective than using either pathogen alone, provided the increased mortality recorded in the present study can be produced under field conditions. The sublethal effect of B. bassiana on its host is interesting, however not extraordinary in insect pathology. The possible link between sublethal mycoses and the physiological properties of the host needs further investigation.
